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ABSTRACT 
Tan δ and energy dissipated during hysteresis testing of isotropic and anisotropic MREs 
containing silane modified iron sand particles in a natural rubber matrix were compared with existing 
antivibration rubbers. Tan δ was measured using dynamic mechanical analysis (DMA) over a range 
of frequency (0.01–130Hz), strain amplitude (0.1–4.5%), and temperature (-100–50°C). Energy 
dissipated was measured using a universal tester under cyclic tensile loading.  The chosen 
antivibration rubbers for comparison contained different contents of carbon black filler (30, 50 and 
70 phr) in a natural rubber matrix. It was found that energy absorption for comparative samples was 
generally higher than isotropic and anisotropic MREs over the range of frequency and strain 
amplitude explored, as well as in hysteresis testing and this was believed to be largely due the 
presence of carbon black in the formulation. Further assessment was carried out on materials that 
were the same as anisotropic MREs except they had additions of carbon black. The energy absorption 
was found higher than comparative samples with the same carbon black contents, supporting the use 
of iron sand to improve damping. However, trends for energy absorption at around Tg were found to 
reverse which is considered to be due to the segmental motion of rubber chains being by far the most 
significant influence on energy absorption in the glass transition zone. 







Magnetorheological elastomers (MREs) are a new group of damping materials which consist 
of a non-magnetic matrix (normally an elastomer) containing a suspension of magnetically permeable 
particles. Damping occurs by the viscous flow of the rubber matrix and inclusion of magnetic particles 
in rubber enables additional damping through magnetic particle interaction and interfacial damping. 
The magnetic particles of choice are carbonyl iron, magnetite, iron oxides, barium ferrite or Terfenol-
D [1-3] and suitable matrix materials include natural rubber, silicone rubber, polybutadiene, 
polyisobutylene, polyisoprene and polyurethene rubber [4-11].  The main advantage of MREs is that 
the damping and stiffness can be varied by application of an applied magnetic field during fabrication 
or in service. MREs can be classified into two kinds: isotropic MREs and anisotropic MREs [12]. 
Figure 1 shows structure of isotropic and anisotropic MREs. Isotropic MREs can be characterized by 
having a uniform magnetic particle distribution in the matrix. Anisotropic MREs have a special chain-
like structure of magnetic particles in a matrix resulting from curing the matrix under an applied 
magnetic field. Over the past few years, MREs have attracted increasing attention and have been 
considered for applications such as  adaptive tuned vibration absorbers [13], automotive engine 























In this study, isotropic and anisotropic MREs based on natural rubber and silane modified 
iron sand particles were prepared. The natural rubber was used as a matrix because of its associated 
ease of processing and good damping performance [14-16] and iron sand was chosen as magnetic 
particles because it has high permeability and saturation magnetisation, low cost and is readily 
available in New Zealand. Surface modification of iron sand using silane coupling agent was found 
to provide coupling between iron sand and natural rubber [15]. It has also been reported that the silane 
modified particles decrease the interfacial tension around the particles and results in improved 
dispersion of magnetic particles in isotropic MREs and an improved degree of magnetic particle 
alignment in anisotropic MREs [16, 17].  
This work aims to assess the potential of developed MREs for potential use in vibration 
damping. The dynamic properties of isotropic and anisotropic MREs were compared with existing 
antivibration rubbers. The dynamic properties were investigated using two different methods. The 
loss tangent, commonly called tan δ, is considered as the fundamental parameter to assess damping. 
Tan δ gives a comparison of the energy lost to that stored; it is obtained by dividing the loss modulus 
(G′′ or E′′) by the storage modulus (G′ or E′) [12, 18]. The other estimate of damping used was the 
amount of energy dissipated during cyclic deformation, which can be calculated from the area of the 
hysteresis loop. The antivibration rubbers for comparison were prepared according to existing 
formulations from published patents (see details in Table 1). Those chosen, contained different 
contents of carbon black filler (30, 50 and 70 phr) in a natural rubber matrix. In addition, anisotropic 
MREs containing silane modified iron sand and a predetermined amount of carbon black were also 
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Natural rubber (SMR L grade) and other chemicals including zinc oxide, stearic acid, n-
cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram disulphide (TMTD), paraffin oil, 
and naphthenic oil were all purchased from Field Rubber Limited, Auckland. Bis-(3-
triethoxysilylpropyl) tetrasulphane (TESPT) was purchased from Leap Lab Chem Co. Ltd. Carbon 
black was purchased from Shijiazhuang Changhang Co. Ltd. Iron sand was collected from Ngarunui 
Beach, Raglan. The iron sand was then milled using a planetary mono mill (Pulverisette 6) produced 
by Fristech GmbH and subsequently sieved to obtain a 45-56 μm particle size range. 
2.2 Surface Modification of Iron Sand 
The surface modification of iron sand was carried out using an aqueous alcohol solution 




weight of the particles. An aqueous alcohol solution of 95 vol% ethanol was used and the pH of the 
solution was adjusted with acetic acid to 4.0 – 4.5. TESPT of predetermined quantity was dispersed 
in the ethanol solution at a ratio of 1:100 and the mixed solution was stirred for 5 minutes to ensure 
hydrolization of the silane coupling agent. The iron sand particles were then added and stirred for an 
additional 30 minutes at room temperature to ensure a uniform distribution of the coupling agent on 
the surface of iron sand particles. The mixture was filtered and washed three times with ethanol to 
remove unreacted coupling agent. The treated iron sand particles were then dried at 80oC in an oven 
until a constant weight was achieved. 
2.3 Preparation of MREs and comparative samples 
The compound formulation used in this study is given in Table 2. The formulations of 
comparative samples based on published patents comprised of natural rubber and carbon black as the 
major components with processing aids and crosslinking agent. Additives such as anti antioxidant, 
anti-thermal aging agent and petroleum resin were excluded from the formulations. Formulations 
were compounded using a conventional laboratory two roll mill (model XK150) according to ASTM 
designation D3184-80. The front roller speed was 24 rpm and the rear roller speed was 33 rpm, the 
roller diameters were 150 mm, friction ratio of two rollers was 1:1.4 and the roller temperature was 
set to 80oC. The nip gap (distance between front and back roller) was maintained at 2 mm during 
compounding. The compounding began with softening the rubber on its own in the two roll mill 
(mastication). Mastication reduces the viscosity and increases the plasticity of natural rubber by mean 
of heat generated in the two roll mill through conduction from the heated roller and shearing of rubber 
during milling. After 2-3 minutes the rubber became invested on the hot roll and additives (other than 
accelerators and sulphur) were then added followed by filler (iron sand or carbon black); addition of 
accelerators and sulphur were delayed to the last part of the process to prevent premature 
vulcanization during compounding. The mixing time was approximately 40 minutes. The cure time 
at 150°C was then determined according to the procedure as described elsewhere [19]. Compounded 




comparative samples were cured in a compression moulder at 150°C under a pressure of 
approximately 12 MPa. The anisotropic MREs were subjected to an external magnetic field in a 
specially developed electromagnetic-thermal coupled device (as shown in Figure 2) at 80°C for 30 
minutes and subsequently were cured in a compression moulder at 150°C under a pressure of 
approximately 12 MPa. Finally, post-cure treatment was performed by cooling the anisotropic MREs 
at room temperature for 30 minutes under an external magnetic field of the same strength as that used 
during pre-curing. The post-cure treatment was considered necessary to reorientate the magnetic 






Table 2 Formulation of rubber compounds 
                







    (CS/30CB) (CS/50CB) (CS/70CB) 
Natural Rubber 100 100 100 100 100 100 100 
ZnO 5 5 5 5 5 5 5 
Stearic Acid 1 1 1 1 1 1 1 
Paraffin Oil 2 2 2 2 2 - - 
Naphthenic Oil 3 3 3 3 3 10 5 
Iron sand 70 70 70 70 - - - 
Carbon black - - 30 50 30 50 70 
CBS 2 2 2 2 2 1.9 1 
TMTD 1 1 1 1 1 0.8 - 
Sulphur 1.5 1.5 1.5 1.5 1 0.8 1.5 
 Curing condition           
Temperature (ºC) 150 150 150 150 150 150 150 
Pressure (MPa) 12 12 12 12 12 12 12 
Magnetic field 
during curing (mT) 0 600 600 600 - - - 
* MRE= Magnetorheological elastomers 
* ISO= Isotropic 
* AN= Anisotropic 
* CB= Carbon Black 















Figure 2 Sketch of specially developed electromagnetic-heat coupled device. 
 
 
2.4 Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) is a technique used to measure damping of materials 
as they are deformed under periodic force. In DMA, a sinusoidal force at different frequencies, strain 
amplitudes and temperatures is applied and displacement of the materials is measured, allowing one 
to determine the storage modulus (G′ or E′), loss modulus (G′′ or E′′) and tan δ. DMA was carried out 
using a Perkin Elmer dynamic mechanical analyser (DMA 8000). It is made up of six major 
components (Figure 3): a force motor, a drive shaft, a high sensitivity displacement detector (LVDT), 
a sample fixture, a furnace and a temperature controller. The driveshaft motion was kept in a 
horizontal direction during the test and the temperature controller was placed at a minimum distance 
from the sample. Tan δ was measured over a wide range of frequency, strain amplitude and 
temperature. The influence of frequency and strain amplitude on tan δ was assessed using two circular 
disc specimens with a diameter of 10mm and a thickness of 3mm in shear mode at room temperature. 
Tan δ was measured over the frequency range of 0.01–130 Hz at a fixed strain amplitude of 0.5% and 






















temperature on tan δ, the samples were analysed in dual cantilever mode at a frequency of 1 Hz with 
a strain amplitude of 0.5% and over a temperature range from -100–50 °C. The samples were 

















Hysteresis loss is defined as the amount of energy dissipated during cyclic deformation when 
the samples are stretched and then allowed to retract at the same rate to the unstretched state. In this 
study, the hysteresis loss was determined for tensile dumbbells using an Instron 4204 at a crosshead 
speed of 500mm/min according to ASTM D412-80. The stress-strain curve was recorded and 
hysteresis loss was calculated as: 












The microstructures of isotropic and anisotropic MREs were observed using a Hitachi S-4700 
scanning electron microscope (SEM). The samples were cut into pieces with a surface area of 5mm 
× 3mm and coated with a thin layer of platinum prior to observation at an accelerating voltage of 
20kV. 
 
3.0 RESULTS AND DISCUSSION 
3.1 Morphology 
Figure 4 shows SEM images of MREs and comparative samples. It can be seen that MRE/ISO 
had uniform iron sand particle distribution in the rubber matrix without obvious aggregation (Figure 
4a). Figure 4b shows an MRE/AN sample cured under an applied magnetic field of 600 mT at elevated 
temperature; as expected, the iron sand organized into chain-like columnar structures. For 
comparative samples, the carbon black particles were generally evenly distributed in the rubber matrix 
but with some aggregates ranged probably from below the resolution of the SEM up to 20µm as seen 
in Figure 4c. It can be seen that the distribution of carbon black in the rubber matrix has occurred 
similarly to that obtained elsewhere [20]. For MRE/AN/50CB sample (Figure 4d), it can be seen that 
the presence of carbon black has constrained the movement of iron sand particles and the chain-like 



















Figure 4 SEM images of surface of; (a) MRE/ISO (ISO), (b) MRE/AN, (c) CS/50CB and 
(d) MRE/AN/50CB at x80 magnitude of enlargement. 
 
 
3.2 Dynamic Mechanical Analysis 
3.2.1 Frequency Sweep Measurements 
 The variation of tan δ with frequency for MREs and comparative samples is depicted in 
Figure 5a. Generally, tan δ increased with increasing frequency, with tan δ values for both MRE/ISO 
and MRE/AN found to be lower than for the others at most frequencies, although relatively larger 
increases in tan δ above 100Hz compared to other samples occurred, such that at the highest 






obtained. The increase of tan δ as the frequency increased for isotropic MREs and comparative 
samples could be due to increased energy absorbed through viscous flow of the rubber matrix and 
interfacial damping between the particle and the rubber matrix [15]; for anisotropic MREs similar 
mechanisms would be involved as well as potentially, energy absorbed through magnetic interactions 
[21]; for samples containing carbon black, increased energy could be absorbed due to overcoming 
inter-particle interactions (Van der Waals) [22]. The difference in trends observed for MREs and 
comparative samples are likely to be due to the relatively different amounts of energy absorbed by 















Figure 5 (a) Tan δ, (b) storage modulus (G') and loss modulus (G'') versus frequency for 












































































































 It can also be seen that tan δ of MRE/AN is about 8% higher than MRE/ISO over the whole 
frequency range explored; the higher tan δ of MRE/AN can be attributed to multiple mechanisms 
such that include constraint of joint rubber shells between neighbouring iron sand particles, less 
trapped rubber due to formation of aligned structures and damping through inter-particle magnetic 
interactions as well as magnetomechanical effect (change of magnetic domain structure induced by 
application of stress) [21, 22]. For the comparative samples, tan δ increased in the following order: 
CS/30CB < CS/50CB < CS70/CB, correlating with the increased content of carbon black. A 
significant improvement of tan δ was observed for comparative samples when compared to MRE/ISO 
and MRE/AN; it was suspected that this could be due to the presence of carbon black in the 
formulation. In order to assess the influence of carbon black on damping performance of MREs, two 
compounds were prepared that were the same as MRE/AN except they had additions of 30 and 50 
phr carbon black (MRE/AN/30CB and MRE/AN/50CB). It was found that such additions of carbon 
black gave good improvement of tan δ, the tan δ values for MRE/AN/30CB and MRE/AN/50CB were 
21% and 43% higher than MRE/AN, indeed, the tan δ were 10% and 7% higher compared to 
CS/30CB and CS/50CB over the whole frequency range explored; supporting the use of iron sand to 
improve damping through interfacial damping between the particle and the rubber matrix and 
magnetic interactions (magnetomechanical and inter-particle interaction).  
 The effect of carbon black on tan δ can be analysed further using storage modulus (G') and 
loss modulus (G'') plots as shown in Figure 5 (b and c). It is apparent that G' and G'' for samples 
containing carbon black are much higher than those for MRE/ISO and MRE/AN. The G' increases 
with increasing carbon black content up to the highest values at 70 phr carbon black. The increase in 
G' can be explained by increased carbon black particle-rubber interactions and carbon black particle-
particle interactions as reported by number of researchers [22, 23]. The particle-rubber interactions 
include physical adsorption of rubber chains on carbon black filler surfaces and chemical bonding 




molecular chains which will restrain the mobility of rubber on the filler surface [24]. The particle-
particle interactions relate to the tendency of carbon black particles to form aggregates at different 
levels [24]. Carbon black aggregates agglomerate together to form what are known as primary 
aggregates, held together by Van der Waals bonds. Further agglomeration occurs between primary 
aggregates to produce secondary aggregates, again held together by Van der Waals bonds, although 
the secondary aggregates are less rigidly held together. The particle-rubber interactions and particle-
particle interactions lead to the formation of a carbon black filler networks in the rubber matrix as 
shown in Figure 6. These contain rubber with different degrees of constraint (bound rubber, occluded 
rubber and trapped rubber), higher than that for rubber away from carbon black particles [25]. These 
constrained rubber regions improve the ability to store elastic energy, resulting in increased G'. The 
increase of G'' with increasing carbon black content during deformation can be explained by the 









Figure 6 Schematic presentation of carbon black filler network. 
 
 
3.2.2 Strain Amplitude Sweep Measurements 
bound rubber 
occluded rubber 




 The variation of tan δ with strain amplitude for MREs and comparative samples is depicted 
in Figure 7a. Tan δ was amplitude dependent at low strain amplitude before reaching a plateau, with 
increasing tan δ for MRE/AN and MRE/ISO at around 2.5% strain amplitude, whereas for the other 
samples containing carbon black the tan δ reached a plateau at around 1.5% strain amplitude. The 
increased amplitude dependence for MRE/AN and MRE/ISO compared to comparative samples 
indicates that the amplitude of applied strain required to break stronger interfacial bonding between 
iron sand and rubber was relatively larger compared to easier that required for breaking down carbon 
black filler networks. At the plateau region, it would appear that most of the filler-rubber interactions 
diminish (Van der Waals for carbon black and Van der Waals and covalent for iron sand) and tan δ 
is largely reliant on the rubber matrix which is at its largest due to greatest amount of rubber free to 



















Figure 7(a) Tan δ, (b) storage modulus (G') and loss modulus (G'') versus strain amplitude 
for MREs and comparative samples. 
 
 Tan δ of MRE/AN was found to be 8.5% higher than that of MRE/ISO over the whole strain 
amplitude range explored; the higher tan δ for MRE/AN can again be explained due to additional 
damping through breakdown of  joint rubber shells, more trapped rubber released and magnetic 
interactions (magnetomechanical and inter-particle interaction). Indeed, it can also be seen that 
although the tan δ for MRE/AN  is lower at low strain amplitudes, it is slightly higher than for 









































































































following order: CS/30CB < CS/50CB < CS70/CB, along with the increased content of carbon black. 
Similarly, tan δ values for MRE/AN/30CB and MRE/AN/50CB were higher than MRE/AN (6% and 
15%, respectively) and the tan δ approximately 4% and 5% higher compared to CS/30CB and 
CS/50CB over the strain amplitude range explored as was seen for range of frequency discussed in 
the previous section.  
 Again, the effect of carbon black on improved tan δ can be analysed further using G' and G'' 
plots as shown in Figure 7 (b and c).  It is apparent that G' and G'' for samples containing carbon black 
are much higher than MRE/ISO and MRE/AN, which is not surprising given similar trends with 
influence of frequency on G' and G''. As previously discussed, the increase of G' with increase in 
carbon black content can be explained by increased amount of constrained rubber in filler networks 
and the increased energy loss is likely due to breakdown and reformation of filler networks during 
cyclic deformation along with more constrained rubber flow. 
 
3.2.3 Temperature Sweep Measurements 
 Figure 8 presents the tan δ versus temperature curves for MREs and comparative samples. 
The tan δ peak is associated with the glass transition temperature (Tg) of the materials. In general, the 
trend for the height of the tan δ peak is different compared to trends observed previously for the effect 
of frequency and strain amplitude on tan δ; the tan δ peaks for MRE/ISO and MRE/AN are higher 
than for the others and the height of the tan δ peak decreased with increasing carbon black content in 
the following order: CS/30CB > CS/50CB > CS70/CB. To explain the trend seen here, it is necessary 
to consider the relative change of contributions by different energy dissipation mechanisms in the 
glass transition zone. It is known for materials containing non-magnetic particles, that in the glass 
transition zone, contribution from segmental motion of rubber chains generally far outweighs that 
through breakdown of filler-filler and filler-rubber interactions [27]; furthermore for anisotropic 
MREs, the damping through magnetic interactions around Tg is thought to be insignificant compared 




MREs having been observed to be lower than unfilled natural rubber [28]. Based on such importance 
of rubber chain motion, the higher tan δ peak for MRE/ISO and MRE/AN can be explained due to a 
greater volume of free rubber chains participating in large scale motions at Tg which is likely to be 
due to less constrained rubber with iron sand particles in the MRE/ISO and MRE/AN than with carbon 
black particles in the MREs containing carbon black and comparatives samples due to the difference 
in interfacial area, being much smaller in the case of the much larger iron sand particles. For samples 
containing carbon black, further regions of constrained rubber would also form within carbon black 
filler networks; this constrained rubber is shielded from deformation and loses its ability to participate 
in the energy dissipation process. There also appears to be a slightly higher tan δ peak for MRE/AN 
compared with MRE/ISO which is likely to be due to formation of aligned structures in anisotropic 
MREs reducing the amount of trapped rubber. The decrease in height of the tan δ peak with increased 
carbon black content could be explained by the increased amount of constrained rubber on carbon 
black surfaces and within filler networks. The height of the tan δ peaks for MRE/AN/30CB and 
MRE/AN/50CB were found to be lower than the tan δ peaks for CS/30CB and CS/50CB, supporting 
iron sand contributing to rubber constraint. It is also apparent that Tg values for MRE/ISO and 
MRE/AN are the highest followed by MRE/AN/30CB and MRE/AN/50CB and comparative samples. 
This observation suggests that strong interfacial bonding between iron sand and rubber increased the 
temperature required for the rubber molecular chains to attain maximum segmental motion compared 





Figure 8 Tan δ versus temperature curves for MREs and comparative samples. 
 
 
3.2.4  Hysteresis 
 Figure 9 shows hysteresis loss for MREs and comparative samples. Hysteresis loss for both 
MRE/ISO and MRE/AN was found to be lower than for the other samples. Hysteresis loss in isotropic 
MREs could be associated with the energy absorbed during viscous flow which is constrained due to 
strong interfacial bonding between iron sand and rubber and energy loss due to stress released in 
breaking the interfacial bonding [15] and given higher hysteresis loss than for unfilled rubber (31 
kJ/m3, as obtained elsewhere [28]) ; for anisotropic MREs similar mechanisms would be involved as 
well as energy loss due to breakdown of joint rubber shells with more trapped rubber released, 
however, the damping through magnetic interactions would appear to be insignificant given that the 
hysteresis loss for MRE/AN was lower than MRE/ISO. This seems to contradict the results for the 
effect of frequency and strain amplitude on tan δ, which could be explained as being due to a different 





































largely the spacing increasing between chains that is changing, whereas in shear loading, the spacing 
within chains and so between the particle increases [28]. It is possible that in the direction of tensile 
loading, the particles are separated to such an extent in anisotropic MREs that inter-particle attraction 
is less effective than for the isotropic MREs.  
 For the comparative samples, hysteresis loss increased in the following order: CS/30CB < 
CS/50CB < CS70/CB, along with the increased content of carbon black. This could be explained due 
to increased energy absorbed caused by breakdown and reformation of carbon black filler networks 
with increase in carbon black content which becomes more significant than the reduction of segmental 
motion of rubber chains (away from Tg). Furthermore, when the applied strain increases to such an 
extent the filler network can be broken down, the constrained rubber would be released and therefore 
allow more viscous flow during deformation, resulting in an increase of dissipated energy [29, 30]. 
As can also be seen, hysteresis loss for MRE/AN/30CB and MRE/AN/50CB significantly increased 
compared to MRE/AN (21% and 71%, respectively), supporting the data obtained for assessment of 
the effect of frequency and strain amplitude on tan δ, that addition of carbon black results in higher 
energy dissipation in the materials (other than around Tg). Also hysteresis losses for MRE/AN/30CB 
and MRE/AN/50CB were approximately 5% and 8% higher compared to CS/30CB and CS/50CB, 
supporting the use of iron sand to improve hysteresis loss through interfacial damping between the 
particle and the rubber matrix (constraint of viscous flow due to strong interfacial bonding between 
iron sand and rubber, energy loss due to breakdown of the interfacial bonding and breakdown of joint 














(a)                                                        (b) 
 
Figure 10 Comparison of influence of loading types on particle separation, (a) tensile 






























It was found that isotropic MREs had uniform iron sand particle distribution without obvious 
aggregation and alignment of magnetic particles occurred for anisotropic MREs as a consequence of 
curing the materials under an applied magnetic field at elevated temperature. For comparative 
samples, carbon black particles were generally evenly distributed in the rubber matrix with some 
aggregates, but none larger than 20μm. SEM also revealed that addition of carbon black into 
anisotropic MREs constrained the movement of iron sand particles; chain-like columnar structures 
became shorter and less aligned. Energy absorption for comparative samples (CS/30CB, CS/50CB 
and CS/70CB) was generally found higher than MRE/ISO and MRE/AN over the range of frequency 
and strain amplitude explored, as well as in hysteresis testing and this was believed to be largely due 
the presence of carbon black in the formulation. Further assessment carried out on materials that were 
the same as MRE/AN except they had additions of 30 and 50 phr carbon black (MRE/AN/30CB and 
MRE/AN/50CB) gave generally higher energy absorption than comparative samples of the same 
carbon black contents (CS/30CB and CS/50CB), supporting the use of iron sand to improve damping 
through interfacial damping between the particle and the rubber matrix and magnetic interactions 
(magnetomechanical and inter-particle interaction). However, trends for energy absorption at around 
Tg were found to reverse which can be explained by the segmental motion of rubber chains being by 
far the most significant influence on energy absorption at this temperature as supported by literature 
and so care should be taken when using the materials at such temperature although this is likely to be 
away from the service temperature for these materials. 
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